Lithium-ion batteries (LIBs) are widely implemented to power portable electronic devices and are increasingly in demand for large-scale applications. One of the major obstacles for this technology is still the low cost-efficiency of its electrochemical active materials and production processes. In this work, we present a novel impregnation-carbothermal reduction method to generate a LiFePO 4 -carbon paper hybrid electrode, which doesn't require a metallic current collector, polymeric binder or conducting additives to function as a cathode material in a LIB system. A shell of LiFePO 4 crystals was grown in situ on carbon fibres during the carbonization of microcrystalline cellulose. The LiFePO 4 -carbon paper electrode achieved an initial reversible areal capacity of 197 µA h cm −2 increasing to 222 µA h cm −2 after 500 cycles at a current density of 0.1 mA cm −2 . The hybrid electrode also demonstrated a superior cycling performance for up to 1000 cycles. The free-standing electrode could be potentially applied for flexible lithium-ion batteries. † Electronic supplementary information (ESI) available: XRD patterns, EDS mapping, TGA data, differential capacity analysis, additional cycling performance data, and digital photographs. See
Introduction
Lithium-ion batteries (LIBs) are the primary power source for portable electronic devices, such as mobile phones and laptops, and are now also considered for large-scale applications, such as electric vehicles and renewable energy storage. The constantly increasing demand for LIBs requires not only more cost-efficient materials and production processes but also ecological battery components in order to build a sustainable industry that eventually leads us into a renewable energy future. 1, 2 A typical LIB consists of a graphite based anode, a LiCoO 2 cathode and a separator saturated with a liquid organic electrolyte. Both active materials, graphite and LiCoO 2 , are pasted onto a metal substrate or current collector (copper and aluminium), which requires the usage of polymeric binders and appropriate organic solvents. 2, 3 One approach to reduce the drawbacks of current LIBs could be the replacement of LiCoO 2 , an expensive and toxic layered metal oxide, which has been the most commonly used cathode material since LIBs were commercialized by Sony in 1990. [2] [3] [4] Olivine type lithium iron phosphate (LiFePO 4 ) is regarded as a suitable substitute for LiCoO 2 due to its low cost, non-toxicity, high theoretical capacity (170 mA h g −1 ) and good cycling performance. [5] [6] [7] [8] [9] [10] The second improvement opportunity can be found in the replacement of the metal current collector, in case of the cathode side aluminium, with a low-cost, metal-free conductor. 11, 12 Recently, paper and textiles have been re-discovered as cheap, renewable and abundant materials for energy devices, such as supercapacitors, LIBs and Li-S (lithium-sulphur) batteries, which is mainly due to their intrinsic high surface area and porosity. [13] [14] [15] [16] [17] [18] [19] [20] [21] For instance, Hu et al. 22 developed a lithium-ion textile battery based on carbon nanotube (CNT) coated polyester, which was soaked with a slurry containing commercial Li 4 Ti 5 O 12 (LTO) or LiFePO 4 (LFP), polyvinylidene fluoride (PVDF) binder, conducting additives and N-methyl-2-pyrrolidone (NMP) as the solvent. Zhang et al. 23 used commercially available rice paper laminated with a pre-sintered LFP precursor, PVDF and NMP slurry. The dried LFP precursor and rice paper intermediate was co-sintered to generate well-crystalized LFP and to in situ carbonize the rice paper substrate into a carbon fibrous film. Furthermore, the bare rice paper was used as a separator and served as an anode in a full battery design. These methods effectively substituted both metallic current collectors and stable full batteries could be assembled. Other reports also managed the polymeric binder PVDF by replacing the binder components with cellulose, [24] [25] [26] so-called bundles of carbon nanostructures 27 (highly entangled CNTs deposited onto a fibre surface via chemical vapour deposition) and even the use of electrostatic interactions 28 has been reported, which resulted in good cycling performance and stability.
Taking all these innovative concepts into account, we designed a unique preparation method to generate a free-standing, binder-free and metallic current collector-free LFP cathode. In this report, we demonstrate the simultaneous carbonization of microcrystalline cellulose and the in situ crystal growth of LiFePO 4 nanoparticles achieved by a novel impregnation-carbothermal reduction technique to create an innovative LiFePO 4 -carbon paper (LiFePO 4 @CP) hybrid electrode. No polymeric binders or conducting additives were used in this preparation process. The hybrid LiFePO 4 @CP electrode consists of a carbon fibre network core, which allows fast electron transport and provides a porous structure for electrolyte penetration. The thin LiFePO 4 shell enables fast ion diffusion over a large surface area. This free-standing LiFePO 4 @CP hybrid electrode achieved a reversible capacity of 222 µA h cm −2 , exceptional cycle life over 1000 cycles and high rate capabilities.
Experimental

Preparation of LiFePO 4 @CP cathodes
LiFePO 4 @CP was prepared by a novel 2-step impregnation-carbothermal reduction technique. A commercial paper towel (PT) was used as carbon paper owing to its porous nature, structural integrity and light weight. The PT was purified by soaking in 20 ml deionized water (DI water) for 2 h. Subsequently, 4 ml concentrated hydrochloric acid was added to the solution and left for another 12 h. The purified PT was washed with DI water several times by vacuum filtration and dried overnight at 100°C in a vacuum oven. The dried tissue was impregnated for 10 minutes to ensure thorough saturation with a solution containing 1.0 g NH 4 H 2 PO 4 and 0.365 g LiOH·H 2 O in 5 ml DI water (solution 1). A small amount of concentrated hydrochloric acid was added to the solution to restrain Li 3 PO 4 precipitation. The saturated PT was subjected to freeze-drying overnight to obtain a homogenous loading of phosphate and lithium precursors. The iron precursor was introduced in a similar procedure. The phosphate and lithium loaded PT was weighed and impregnated based on the stoichiometric amount of Fe in the compound with the exact volume of a solution containing 1 g Fe(III)Cl 3 and 30 wt% glucose in 10 ml DI water (solution 2) and was subsequently freeze-dried overnight. The dried and pre-loaded PT was then transferred into a ceramic crucible and sintered at 312°C for 2 h and 700°C for 10 h under a H 2 /Ar atmosphere.
Structural and physical characterization
Crystallographic measurements were conducted using a Siemens D5000 X-ray diffractometer with CuKα radiation between 10°and 80°. The morphological analyses of the asprepared material were carried out by field-emission scanning electron microscopy (FE-SEM, Zeiss Supra 55VP). The elemental mapping was conducted on a Zeiss EVO MA 15 SEM equipped with EDX. The carbon fibre/LiFePO 4 particle interface and the structure of the coated carbon layer were characterized by high-resolution transmission electron microscopy (TEM, FEI Tecnai T20). The carbonization process of PT to CP and the carbon content of the as-prepared LiFePO 4 @CP electrode were investigated using a TGA/DTA analyser (TA Instruments, SDT 2960 module, New Castle, DE, USA) at a heating rate of 5°C min −1 under air or nitrogen flow from room temperature to 700°C.
Electrode preparation and test cell assembly
The as-prepared LiFePO 4 @CP electrodes were used directly as working electrodes without further modification. The active material (LiFePO 4 ) mass load was 2.8 mg cm −2 . Lithium metal discs were used as counter and reference electrodes. The electrolyte consists of 1 M LiPF 6 in dimethyl carbonate (DMC)/ diethyl carbonate (DEC)/ethyl carbonate (EC) (volume ratio DMC : DEC : EC = 1 : 1 : 1). Approximately 40 μl electrolyte was used for each coin cell. The amount of liquid electrolyte uptake is calculated using the following equation:
where η is the uptake of the liquid electrolyte, and W o and W t are the weight of the electrodes before and after absorption of the liquid electrolyte, respectively. The electrolyte uptake was calculated to be 200 wt%. All electrodes were stored and all standard CR2032 type coin cells were assembled in an argonfilled glovebox (UniLab, MBRAUN).
Electrochemical characterization
Galvanostatic charge-discharge and cycling performance tests were performed in the voltage range of 2.00-4.25 V at various current densities on a Neware battery tester at room temperature. The cyclic voltammograms (CV) were obtained at different scanning rates of 0.1-2.0 mV s −1 between 2.0-4.5 V and electrochemical impedance spectroscopy (EIS) measurements were conducted over a frequency range from 100 kHz to 0.01 Hz using a CHI 660C Electrochemistry Workstation.
Results and discussion
To prepare the free-standing LiFePO 4 @CP electrode (Fig. S1 †) all three precursor components (lithium, iron and phosphate) are pre-loaded onto the microcrystalline cellulose fibre network via a solution-based impregnation and freeze-drying method, shown in Scheme 1.
The XRD pattern of the purified cellulose, which is in agreement with previous reports, 29, 30 and the dried precursor solution (solution 1) can be found in the ESI ( Fig. S2 and S3 , † respectively). The subsequent heat treatment process is divided into two heating stages to firstly allow the degassing of the cellulose fibre at 312°C for 2 h and secondly to grow LiFePO 4 crystals on these newly generated carbon fibres at 700°C for 10 h. The LiFePO 4 shell itself consists of aggregates of LiFePO 4 nano-crystals, which are densely packed on the carbon fibre surface. The close contact between the carbon fibre and the crystals is supported by a thin carbon coating generated from the reducing agent used for the carbothermal reduction reaction (Scheme 1). A detailed description of the preparation mechanism can be found in the ESI. † According to the XRD investigation ( Fig. 1 ), no impurity phases have been generated during the high temperature treatment. This confirms the successful synthesis of LiFePO 4 covering carbonized paper by the novel impregnation-carbothermal reduction technique. The obtained pattern can be consistently indexed to JCPDS card number 83-2092 of LiFePO 4 . As shown in the SEM images of Fig. 2 (a) and (b), the generated carbon paper is an interwoven network of carbon fibres, which are completely covered by LiFePO 4 particles. Fig. 2(c) shows the SEM image of the as-prepared LiFePO 4 @CP electrode wherein the individual intact carbon belts are distinguishable. The carbon fibre network is covered by a thin layer of LiFePO 4 showing uninterrupted contact between the two surfaces, which is evident in Fig. 2(d) and the elemental mapping images in Fig. S4 . † The inevitable shrinkage of the cellulose fibre during carbonization to carbon paper ( Fig. S5 †) seemingly does not result in a contact loss between the freshly generated LiFePO 4 crystallites and the carbonizing paper surface. Consequently, it can be seen that the LiFePO 4 layer was generated leaving random cavities behind ( Fig. 2(d) and S7 †), possibly caused by de-hydrogenation and de-oxygenation processes during the transition of the cellulose fibre to the fully-carbonized carbon paper. 31 These cavities or pores are beneficial for electrolyte penetration, and thus, ion diffusion through the LiFePO 4 layer. 32 TEM imaging was conducted to visualize the cooperative combination of carbon fibre, LiFePO 4 crystallite and carbon coating. Fig. 3(a) shows the TEM image of a single LiFePO 4 crystal (dashed outlines) closely in contact with a piece of carbon fibre. The LiFePO 4 crystals are covered by a thin layer of amorphous carbon (dotted outline) of about 3-5 nm thickness ( Fig. 3(b) ). This carbon layer continues on the carbon fibre surface, providing a conducting network between individual LiFePO 4 particles and along the fibre surface. Furthermore, the carbon coating also formed a closedpacked yolk-shell structure with the LiFePO 4 particles leaving small voids, which allows the material to contract during (dis) charge ( Fig. 3(c) ). The reinforcement provided by this thin carbon coating contributes to the cycling stability, which is usually determined by the added polymeric binder in a conventional electrode design due to swelling, decomposition or poor elasticity of some commonly-used products. 33, 34 In the case of our material, the carbon coating combines the function of a strong binder and a conducting additive without the disadvantages for cycle life and rate performance. 35, 36 And lastly, the selected area electron diffraction (SAED) pattern displayed in Fig. 3(d) exhibits a set of concentric rings with bright spots, which can be indexed as the olivine LiFePO 4 phase in consistency with the XRD investigation shown in Fig. 1 .
Thermogravimetric measurements displayed in air from room temperature to 700°C results in a weight gain of 4.8%, slightly under the theoretical weight gain of 5.1% if Fe 2+ is completely oxidized to Fe 3+ . 37 The LiFePO 4 @CP electrode shows a weight loss of 68.9% up to 475°C, followed by a slight weight gain plateauing at 72%. This result indicates a nominal carbon content of around 33 wt%, which is very reasonable assuming that the nominal carbon content substitutes the Al current collector (CP component), carbon black additives and polymeric binders (carbon coating component). The as-prepared LiFePO 4 @CP electrode can thus be directly used as the cathode in lithium-ion batteries without the Al current collector, conducting additives or binders. The evaluation of cycling stability and rate performance ( Fig. 4(a) ) was carried out using an unconventional approach, which incorporates both test conditions into one uninterrupted test sequence. This combined rate and stability performance test gives valuable insight on the durability of the asprepared LiFePO 4 @CP electrodes under extremely stressful conditions of long-term fast cycling and relaxation during short-term slow cycling at various rates, respectively. Individually-tested electrodes were first cycled at different current rates from 0.1 to 2.5 mA cm −2 and back to 0.1 mA cm −2 in step one. Immediately after this rate performance test in step two, the cells were cycled at 2.5 mA cm −2 for 500 cycles to evaluate the cycling stability at high current rates. After that, the sequence was repeated once in step three and step four to identify performance changes of the cells. As shown in Fig. 4(a) , step one was completed after 42 cycles. The LiFePO 4 @CP electrodes achieved reversible areal capacities of 197 µA h cm −2 , 180 µA h cm −2 , 163 µA h cm −2 , 147 µA h cm −2 , and 127 µA h cm −2 at current densities of 0.1, 0.25, 0.5, 1.0, and 2.5 mA cm −2 , respectively. The capacity retention from 0.1 to 2.5 mA cm −2 , displayed in Fig. 4(d) , is as high as 65% and the cells recovered to 205 µA h cm −2 after the current density was reduced back to 0.1 mA cm −2 . Immediately after the rate performance test, the same cells were cycled at 2.5 mA cm −2 for 500 cycles in step two and a progressive capacity increase can be observed as seen in Fig. 4(a) . After this first cycling stability test, the LiFe-PO 4 @CP electrodes showed no sign of capacity fading. Instead, the electrode generated a capacity increase of about 5% to 134 µA h cm −2 (Fig. 4(a) and (c)). A progressive increase of reversible capacity can be observed. Similar activation phenomena have been reported previously for LiFePO 4 particles incorporated into fibre matrices or conducting polymers, which also showed increasing capacities even over several 100 cycles. 26, 27, 38 The reason for this might be found in the very dense packed distribution of particles forming the LiFePO 4 shell. In this arrangement, the electrolyte penetration might not be completed throughout the entire electrode surface of the uncycled cell. The slight volume reduction during charging 5 could open up new areas for the electrolyte, which enables the extraction of even more Li + in the subsequent cycles until the electrolyte was able to penetrate the entire surface of the LiFePO 4 shell. Furthermore, no capacity deterioration can be observed during the first rate and stability performance test sequence, which would indicate particleparticle and/or particle-CP contact loss. Both the particle collective as well as the particle-CP interface seem to remain intact even after over 500 deep (dis)charge cycles at high current densities. The second rate performance test in step three revealed reversible areal capacities of 222 µA h cm −2 , 202 µA h cm −2 , 186 µA h cm −2 , 166 µA h cm −2 , and 141 µA h cm −2 at current densities of 0.1, 0.25, 0.5, 1.0, and 2.5 mA cm −2 , respectively, which translates into an average capacity increase of 10.5% compared to the initial rate performance in step one, as illustrated in Fig. 4(d) . Moreover, the capacity retention from 0.1 to 2.5 mA cm −2 remained steady at 64% and the cells now recovered to 227 µA h cm −2 after the current density was decreased back to 0.1 mA cm −2 . The subsequent second stability test in step four revealed a slight capacity decline starting after around 700 cycles. Consequently, the reversible capacity after 1000 cycles reaches a remarkable 115 µA h cm −2 , which is 88% of the initial capacity measured during the first stability test in step two. Fig. 4(b) and (c) show the galvanostatic (dis)charge profiles of LiFePO 4 @CP cycled between 2.0 and 4.25 V at the current densities from 0.1 mA cm −2 to 2.5 mA cm −2 of step one and step three, respectively. It is evident that all profiles display the distinct charge-discharge behaviour of LiFePO 4 showing two flat plateaus, one at around 3.5 V during charging and the other one at around 3.4 V during discharge. These two plateaus are associated with the Fe 2+ /Fe 3+ redox couple reaction, which in detail refers to the oxidation of Fe 2+ to Fe 3+ , and thus extracting Li + during the charge process and vice versa the reduction of Fe 3+ to Fe 2+ and inserting Li + during the discharge process. 7, 39, 40 The corresponding differential capacity analyses are displayed in Fig. S9 , † respectively. From there it can be seen that the voltage gaps between charge and discharge have significantly narrowed by an average of about 35% even for very high current densities, and the length of each plateau ( Fig. 4(b) and (c)) has been increased in step three compared to step one. This result again indicates improved charge-transfer kinetics and increased Li + utilization due to the progressive electrode activation process. For comparison, a similar test sequence was conducted using a traditional electrode (LiFePO 4 @Al) with the same active material mass load as the LiFePO 4 @CP electrodes (around 2.8 mg cm −2 ) containing a high performance LiFePO 4 material, PVDF binder and carbon black ( Fig. 4(d) and S10 †). A detailed description of the preparation procedure of this LiFePO 4 material is given in the ESI. † According to Fig. 4(d) , the capacity retention from 0.1 to 2.5 mA cm −2 of around 70% for LiFePO 4 @Al is very similar to LiFePO 4 @CP in the first rate performance test of step one. As LiFePO 4 @Al entered the cycling stability test in step two at 2.5 mA cm −2 for 500 cycles, a dramatic capacity loss can be observed and only 54% of the initial capacity at the beginning of step two was maintained. At the end of step four after 1000 cycles LiFePO 4 @Al maintained 30% of its initial capacity at 2.5 mA cm −2 in step two. Furthermore, a second comparative test, as shown in Fig. S11 , † was conducted to demonstrate capacity and stability in reference to the total weight of the electrode including the Al current collector, binder and additives, which strongly supports the proposed beneficial properties of a carbon paper based electrode design. Not only is the reversible capacity at a current density of 0.1 mA cm −2 of the LiFePO 4 @Al electrode (28 mA h g −1 ) significantly reduced compared to our LiFePO 4 @CP electrode (45 mA h g −1 ), the cycling stability also shows much more obvious decline over the tested 1000 cycles. This further demonstrates the superiority of the LiFePO 4 @CP electrode over the disadvantages of traditional electrode designs containing metal current collectors, polymeric binders and conducting additives. For the sake of completeness, however, the rate performance and cycling stability results are also converted into active material weight-specific capacity shown in Fig. S12 . † Fig. 5 (a) unveils the cyclic voltametric (CV) behaviour of LiFePO 4 @CP at various scanning rates from 0.1 mV s −1 to 2.0 mV s −1 in the voltage range between 2.0 and 4.5 V after the electrode activation process (step two) was completed. A single pair of defined redox peaks can be observed for all scan rates, which corresponds to the Fe 3+ /Fe 2+ redox couple as mentioned before. Furthermore, height and area of the redox peaks rise with increased scanning rates, as well as the anodic and cathodic peaks move to the lower and higher potentials, respectively. Even at a high scanning rate of 2.0 mV s −1 , the defined redox reaction peaks are still maintained, indicating good kinetics for lithium intercalation and de-intercalation. According to the measured peak currents, a Li-ion diffusion coefficient D (cm 2 s −1 ) can be calculated using the Randles-Sevcik equation: [41] [42] [43] 
wherein I p is the peak current (A), A is the surface area of the electrode, C is the concentration of Li-ions in a solid (0.0228 mol cm −3 ), n is the number of electrons involved in the half-reaction for the redox couple (n = 1 for Fe 3+ /Fe 2+ redox couple), and ν is the potential scan rate (V s −1 ). As shown in Fig. 5(b) , I p is proportional to ν 1/2 , confirming a diffusion-controlled behaviour. Moreover, from the slope of the lines, and based on eqn (1), the diffusion coefficient D cathodic ( positive) is 2.90 × 10 −11 cm 2 s −1 , and the diffusion coefficient D anodic (negative) is 3.99 × 10 −11 cm 2 s −1 . These high Li-ion diffusion coefficients achieved by this material are related to the well maintained particle-particle contact of the LiFePO 4 collective, which enables rapid ion diffusion, and the fast charge transfer kinetics through the carbon paper scaffold. The slight broadness of the peaks might be linked to the carbon coating generated by the glucose precursor, which has been reported to influence the shape of the redox peaks noticeably. 44 The Nyquist plot displayed in Fig. 6(a) compares the electrochemical impedance of LiFePO 4 @CP fresh and cycled for 500 cycles. It can be seen that the material generates a depressed semicircle in the high frequency region and a slope in the low frequency region. Firstly, the high frequency intercept of the semicircle with the real axis (Z′) refers to the uncompensated resistance (R u ), which combines the particle-particle contact resistance, electrolyte resistance and the electrode-current collector resistance. Secondly, the semicircle diameter refers to the charge transfer resistance (R CT ), which is related to the electrochemical reactions at the electrode-electrolyte interface and the particle-particle contact. Lastly, the low frequency slope corresponds to the lithium-ion diffusion in the bulk of the electrode material and can be mathematically transformed to the Warburg coefficient (σ w ).
Consequently, the solid state diffusion of lithium-ions D Li through the LiFePO 4 particle collective can be estimated using the following equation. 43, [45] [46] [47] [48] 
wherein R is the gas constant, T is the absolute temperature, F is the Faraday constant, A is the surface area of the LiFePO 4 @CP cathode, C is the molar concentration of lithiumions in the cathode and σ w is the Warburg coefficient. It can be seen in the experimental data plot in Fig. 6 (a) that the charge transfer resistance (R CT ) of the fresh cell is 16.15 Ω, whilst the EIS analysis of the cycled half-cell reveals a reduction in charge transfer resistance. The value has decreased to 4.067 Ω, due to the aforementioned electrode activation processes during cycling. Overall, the measured charge transfer resistances are very low indicating excellent ionic and electronic transport along the electrode-electrolyte interface and strong particle-particle contact even after 500 high-rate deep (dis)charge cycles. Additionally, the solid state diffusion D Li calculated using eqn (2) from the Warburg impedance (shown in Fig. 6(b) ) reflects the kinetic properties of the electrode, revealing a competitive lithium-ion diffusion rate of 1.35 × 10 −13 cm 2 s −1 for the fresh and 2.15 × 10 −13 cm 2 s −1 for the cycled cell measured from fully-lithiated LiFePO 4 , respectively. Here again, a kinetic improvement is observed upon cycling due to the cell activation process.
Conclusions
In conclusion, a novel free-standing LiFePO 4 @CP hybrid electrode has been developed, in which a shell of LiFePO 4 crystallites on interwoven carbon fibres is embedded in a conductive carbon network. In this novel architecture, the carbon fibre fabric serves as the current collector, whilst the carbon coating provides conducting pathways and structural support for the LiFePO 4 particle collective. This novel electrode design not only ensures close interparticle contact, but also high electronic conductivity for both mass and charge transfer. The LiFePO 4 @CP hybrid electrode delivered high areal capacity and excellent cycling stability for 1000 cycles at a high current density. It has been shown that metallic current collectors, polymeric binders and conducting additives can easily be substituted using commercial cellulose fibres and sugar, to generate a high performance LiFePO 4 @CP hybrid electrode, which could be used as the cathode in flexible lithium-ion batteries.
